In this paper we demonstrate an integrated process for the production of high octane gasoline from maple wood by hydrolysis of maple wood into aqueous carbohydrate solutions followed by aqueous phase hydrodeoxygenation of the sugar solutions. The aqueous carbohydrate solutions were prepared by both hydrolysis in hot water and hydrolysis with dilute acids (H 2 SO 4 , oxalic acid). The aqueous carbohydrate solutions were a mixture of xylose, water soluble hemicellulose oligomers, acetic acid, glucose, glucose oligomers, and probably some lignin polymers. Hydrolysis with hot water produced primarily hemicellulose oligomers whereas hydrolysis with acids produced mainly xylose and acetic acid. The hydrolysis co-product was a solid enriched in cellulose and lignin. The aqueous streams were hydrodeoxygenated by a two step catalytic process in which the first catalyst bed contained a Ru/C catalyst at 393 K and the second catalyst bed contained a Pt/zirconium phosphate (Pt/ZrP) catalyst at 518 K. The Ru/C catalyst was able to selectively hydrogenate xylose into xylitol but could not selectively hydrogenate the xylose oligomers. The two stage process was able to convert the aqueous carbohydrate streams derived from maple wood into gasoline range products with carbon yields of up to 57% and an estimated octane number of 96.5. No significant catalyst deactivation was observed indicating that the catalysts are very stable. The highest gasoline yield from this two stage process was obtained from the stream produced by acid hydrolysis of maple wood with 0.5 wt% oxalic acid at 433 K for 0.5 h. These results suggest that aqueous phase processing of sugars obtained by hydrolysis is a promising option for the production of fuels and chemicals from lignocellulosic biomass.
Introduction
Today, as petroleum is depleted and domestic oil supplies drop, it is imperative to develop economic and highly effective processes for conversion of renewable biomass to fuels and chemicals. and adequate availability for large scale sustainable production of liquid fuels. It is primarily composed of three polymeric components: cellulose, hemicellulose, and lignin. However, these polymeric components must be deconstructed into reactive intermediates which can then be used as building blocks for fuels and chemicals.
2-4 Hydrolysis of the hemicellulose and cellulose in biomass is a promising option for production of aqueous carbohydrate solutions that can be used as fuel precursors.
3,5-9 Biomass hydrolysis is often performed in two steps. The first "pretreatment" primarily depolymerizes the hemicellulose fraction to sugars (mostly xylose and other 5-carbon sugars for many types of biomass) in an aqueous solution that will likely also include oligomers, acetic acid, and some 6-carbon sugars. Cellulose is often hydrolyzed in a second step to produce aqueous solutions of glucose as the primary target. Biomass hydrolysis options for the first step include hydrolysis with just hot water, 7,10-11 hydrolysis in dilute acid, 12-15 autocatalytic steam explosion, 12 treatment with ammonia, [16] [17] and treatment with ionic liquids.
18-21
Three major options are typically considered for cellulose hydrolysis in the second step: dilute acid, concentrated acid, and enzymatic hydrolysis. Pretreatment and hydrolysis of lignocellulosic biomass have primarily been developed for fermentation of aqueous carbohydrate solutions to ethanol.
6,9
Aqueous phase processing (APP) is an exciting new technology for coupling solubilization of biomass with catalytic conversion of the resulting dissolved carbohydrate compounds into hydrocarbons and a variety of fuels and chemicals. Dumesic and co-workers have shown that APP can convert dissolved biomassderived compounds (including sugars, sugar alcohols, bio-oils, cellulose or even lignin) into hydrogen, 47 We have recently identified the reaction chemistry for aqueous phase hydrodeoxygenation (APHDO) of sorbitol into C1 to C6 alkanes with bifunctional acid base catalysts.
48- 49 We have also shown how through modifying the reaction chemistry and the acid concentration of sites on the catalyst we can selectively produce a high octane gasoline blend from aqueous sorbitol solutions with a specially designed Pt/Zirconium phosphate (Pt/ZrP) catalyst.
49
While aqueous phase processing has been shown to be promising with pure carbohydrate solutions, it is vital to use less expensive aqueous solutions derived from lignocellulosic biomass, but we know of no study that has applied aqueous phase processing to streams resulting from biomass hydrolysis. As mentioned above, a variety of process options are available for production of aqueous carbohydrate solutions from lignocellulosic biomass. However, these options produce carbohydrates with different characteristics, for examples carbohydrate monomers and carbohydrate oligomers. The resulting aqueous solutions may also contain impurities that could poison heterogeneous catalysts. Alternatively, heterogeneous catalysts may be able to easily convert molecules like furfural and HMF that would inhibit biological catalysts into fuels and chemicals, thereby deriving value from both sugars and their degradation products. Therefore, it would be highly desirable to couple hydrolysis processes with aqueous phase hydrodeoxygenation to be able to use low cost lignocellulosic feedstocks for making hydrocarbon fuels.
The objective of this paper is to show how hydrolysis can be combined with APHDO to produce fuels from lignocellulosic biomass using maple wood as a representative feedstock. In this study, we seek to understand how to optimize the hydrolysis step to produce solutions that can be effectively upgraded to biofuels. Importantly, we will identify the key intermediates in the hydrolysis residues that are desirable and undesirable for APHDO and also determine whether hydrolysis residues can be processed using APHDO without significant catalyst deactivation. Fig. 1 shows a block flow diagram for the production of gasoline from maple wood based on hydrolysis coupled with aqueous phase hydrodeoxygenation of the hydrolysis solution. In the first step, hemicellulose in maple wood is hydrolyzed to water soluble C5 and C6 carbohydrate monomers and oligomers. This process also produces a solid containing most of the cellulose and lignin but little hemicellulose. The cellulose can be hydrolyzed to glucose 50,51 or used as a feedstock to make levulinic acid which is a promising building block for diesel or jet fuels.
38,53, 53 The lignin can be burned or gasified to generate heat and electricity for the process or used to produce hydrogen (reforming) for use in subsequent steps. The sugars in the aqueous hemicellulose solutions can be hydrogenated at low temperature to sugar alcohols that can then be fed to a second reactor with hydrogen for hydrodeoxygenation to three major products: gasoline range molecules, light gases, and water soluble products.
Experimental

Hydrolysis of maple wood hemicellulose
Maple wood was provided by Mascoma Corporation, NH. and air dried to a moisture content of less than 7% before being ground using a laboratory mill with an internal sieve (model 4, Arthur H. Thomas Company, Philadelphia, PA) to a particle size of less than 0.5 mm. The ground maple wood was sealed in heavy duty zipped freezer bags and stored at 255 K in a laboratory freezer. The composition of dry maple wood was analyzed following NREL standard procedures 54, 55 and is shown in Table 1 .
Fresh maple wood with 34% moisture content was directly used for hydrothermal steam treatment with no added acid. An amount of acid solution was added to the fresh maple fiber to achieve the target final acid and solid concentrations and allowed to sit overnight before steam hydrolysis. Subsequently, approximately 400 g (dry weight) of fresh or pre-impregnated maple wood was loaded into a 4 L Hastelloy C steam reactor with steam provided by a Fulton FB-075-L electric steam boiler (Fulton Boiler Works, Inc. Pulaski, NY). The hydrolysis temperature was controlled by setting the boiler pressure at the corresponding saturated steam pressure for the target temperature. At the end of the reaction time, the reaction pressure was suddenly dropped by opening a valve in the bottom of the vessel to allow discharge to a receiver and rapid cooling as the water flashed off.
56
The liquid hydrolyzate fraction was separated from the cellulose and lignin enriched solid by a small Hydraulic Shop Press (12 ton, model 14590, Northern TM Industrial Tools, Burnsville, Minnesota) and collected for hydrogenation. Detailed hydrolysis conditions, including reaction time and temperature are listed in Table 3 .
Preparation and characterization of catalysts
The Ru/C (Ru content 5 wt%) catalyst for this work was supplied by Strem Chemicals. Zirconium phosphate (ZrP) was prepared according to Okuhara et al. 57 by precipitation of 1.0 mol L -1
ZrCl 2 O·8H 2 O (Aldrich) and 1.0 mol L -1 NH 4 H 2 PO 4 (Aldrich) aqueous solution at a molar ratio of P/Zr = 2.0. The precipitate was filtered, washed with water, dried at 373 K overnight, and calcined at 673 K for 4 h. Pt was loaded on the ZrP support by incipient wetness impregnation with tetra-amine platinum nitrate (Strem Chemicals) aqueous solution. The Pt content in the catalysts was kept at 4 wt%. The mixture was then dried in an oven overnight at 373 K and calcined at 533 K for 3 h in air.
XRD patterns of the catalysts were obtained with a Philips X'PERT powder diffractometer equipped with an on-line computer. Ni-filtered Cu-Ka radiation was used and detected using an X'cellerator detector. An accelerating voltage of 45 keV was used at 40 mA, and X-ray patterns were obtained at a scan speed of 0.1
• (2q) s -1 averaged for 10 s per step over a range of 5 to 80
• 2q. Specific BET surface areas of the Ru/C catalyst and Pt/ZrP catalysts were determined by nitrogen adsorption at 77 K with a Quantachrome Autosorb R MC-1 automated gas sorption system. Before each experiment, the samples were evacuated at 573 K for 24 h. H 2 uptake of the catalysts was measured on the Quantachrome Autosorb instrument by irreversible H 2 adsorption at 303 K. Metal dispersion was calculated by the molar ratio of surface metal atoms as determined by hydrogen uptake divided by the total metal atoms.
Ammonia-temperature programmed desorption (NH 3 -TPD) of the ZrP catalyst as prepared was conducted using a TA Instruments SDT Q600 system coupled with a quadrupole mass spectrometer (ExTorr XT 300) to analyze the ammonia desorbed from the sample. A 20 mg sample was placed in an alumina crucible and heated at 873 K for 0.5 h with flowing helium to remove physically absorbed water. Ammonia adsorption was performed at 373 K, and after saturation, heating from 373 K to 923 K was done at a linear rate of 10 K min -1 with a constant helium flow rate of 100 mL min -1 . Desorbed ammonia was detected with the mass spectrometer with mass signals recorded by a computer (ExTorr software).
The FT-IR spectra with ammonia as a probe molecule were recorded on a Bruker Equinox 55 spectrometer at a resolution of 4 cm -1 (averaging 50 scans). A Harrick Scientific "Praying Mantis" Diffuse Reflectance Infrared cell (DRIFTS) allowed in situ recording of the spectra at ambient temperature and catalyst activation at higher temperatures. The cell was equipped with a heater and connected to a gas flow system. The temperature was monitored with a thermocouple placed in direct contact with the sample. Powder samples (~20 mg) were loaded into the DRIFTS cell for infrared studies with a KBr spectrum (taken at ambient temperature beforehand) used as a background reference. Before the surface characterization was performed, the samples were activated by heating at 773 K for 2 h with a helium (Airgas, UHP) flow of 10 mL min -1 , cooled down to 373 K and saturated with ammonia (Airgas, anhydrous 99.99%) for 15 min. The gas flow was then switched back to helium (10 mL min -1 ) to remove physically adsorbed ammonia, and the spectrum monitored until no change was observed (~20 min). Then, the samples were heated with flowing helium (10 mL min -1 ) to various temperatures, and the spectra were recorded at temperatures up to 868 K. All of the spectra presented were obtained by subtraction of the corresponding background reference, with data analysis and peak fitting by GRAMS/AI R software (ThermoScientific).
Low-temperature hydrogenation and aqueous phase hydrodeoxygenation
Both low temperature hydrogenation and APHDO of the aqueous hydrolysis samples were carried out in a stainless steel tubular flow reactor described in our previous work. 48 For low temperature hydrogenation, 2.0 g of Ru/C catalyst was used, while for APHDO, 3.3 g of Pt/ZrP catalyst was employed. Before the reaction, the Ru/C and Pt/ZrP catalysts were reduced in the reactor by flowing hydrogen from the bottom at about 160 mL min -1 at 433 K and 723 K, respectively. The temperature program applied for reduction was to ramp up from room temperature to the set temperatures at a heating rate of 1 K min -1 , soak the catalyst at the set temperatures for 2 h, and then cool down to reaction temperature along with slowly increasing the pressure to 6.21 MPa. A JASCO PU980 HPLC pump fed liquid to the reactor bottom along with hydrogen at a flow rate of 40 mL min -1 . The product from the reactor tube passed through a gas-liquid separator, and the gaseous products flowed through a back pressure regulator to maintain the pressure in the reaction system. The gaseous products were analyzed by two online gas chromatographs (HP 5890 series II). In addition, CO 2 in the gaseous product was measured with a Thermal Conductivity Detector (TCD) employing an Alltech HAYESEP DB 100/120 packed column (part no. 2836PC) with the oven temperature held constant at 348 K, the TCD and injection port held at 433 K and 393 K, respectively, and 41 mL min -1 of helium carrier gas controlling the column flow rate. Alkanes in the gaseous product were analyzed using a GC with a flame ionization detector (FID) and an Alltech AT-Q capillary column (part no. 13950) with helium carrier gas at a column flow rate of 1 mL min -1 . Both the injection port and the detector were held at 473 K. The following GC oven temperature history was used: hold at 313 K for 6 min, ramp to 453 K at 5 K min -1 , and hold at 453 K for 25 min. Liquid products were drained periodically from the gas-liquid separator and analyzed by GC-MS, GC with FID detector, HPLC, and the TOC analyzer. The GC-MS was a Shimadzu GC-2010 with an Rtx-VMS capillary column, helium carrier gas at a column flow rate of 1.57 mL min -1 , and injection port and detector were held at 513 K. Following injection of 1 mL of liquid sample, the column temperature was held at 308 K for 5 min, ramped up linearly to 323 K at 5 K min -1 , then ramped up to 513 K at 20 K min -1 , and then kept at 513 K for 7.5 min. Organic species in the liquid were analyzed with another GC (Agilent 7890A) with an FID detector and auto sampler that separated organic compounds using a Rtx-VMS capillary column through which passed helium at a column flow rate of 3 mL min -1 as the carrier gas. Both the injection port and the detector were held at 513 K. For each analysis, 1 mL of liquid sample was injected, and the column temperature was held at 313 K for 5 min, ramped up to 513 K at 7.5 K min -1 and kept 
Results and discussion
Characterization of catalysts
The XRD patterns of the Ru/C and Pt/ZrP catalysts used in this research are shown in Fig. 2 . We can see that the Pt/ZrP is amorphous indicating that the Pt is well dispersed on the support (particle size less than 5 nm). Ru peaks can also be observed for the Ru/C catalyst, with the particle size of Ru particles estimated as 21.5 nm by Scherrer's equation. The specific BET surface areas and metal dispersions of the Ru/C and Pt/ZrP catalysts are shown in Table 2 . The metal dispersion of the Ru/C catalyst (6.7%) is obviously lower than that of the Pt/ZrP catalyst (72%), consistent with the XRD results and consistent with the bigger particle size of Ru.
The NH 3 -TPD results for the ZrP support are shown in Fig. 3 . The wide peak from 400 to 900 K indicates weak, moderate, and strong acid sites on the ZrP surface. From the area of the ammonia peak, the density of acid sites on ZrP was estimated as 0.84 mmol g -1 . As we reported in our previous work, 49 bands at 1430 cm -1 and 1674 cm -1 were observed, even at high temperature in the NH 3 -DRIFTS spectra for ammonia adsorption over ZrP (cf. Fig. S1 in supplementary information †), indicating the presence of both strong Brønsted acid and Lewis acid sites on the ZrP surface, respectively. 58 The Brønsted acid site band is 27 times that of the Lewis site (B/L = 27), and the band due to Brønsted acid sites is stable at temperatures up to 773 K. These results indicate that this catalyst has both Brønsted and Lewis sites with the stronger Brønsted sites dominating.
Steam hydrolysis of maple wood
The liquid samples from maple wood hydrolysis at different treatment conditions were analyzed following the NREL standard procedures, 54,55 with the results shown in Table 3 . For hydrothermal treatment at 473 K (Sample 1), the pH of the liquid samples were lower than 7, indicating that the liquid samples were acidic due to the generation of organic acids including acetic, formic, and levulinic acids. Acetic acid is known to be released by partial deacetylation of hemicellulose during hydrolysis, 1,53 while formic and levulinic acids are formed by the dehydration of C6 sugars. 59 These acids catalyze hydrolysis. Small amounts of furfural and hydroxymethylfurfural (HMF) were also identified.
41,60,61
Increasing the reaction time of the pretreatment from 5 min to 15 min decreased the solution pH, increased the amount of carbon extracted from the maple wood, and increased the selectivity towards sugar monomers. Some carbonaceous species (~30 wt%) could not be identified in the liquid samples and may be soluble lignin polymers or humins that are difficult to characterize. Increasing the reaction time from 15 to 30 min (samples 2-3) for the hydrothermal hydrolysis samples led to a decrease in both carbon extraction yield and carbohydrate selectivity, a result that can be explained by an increase in the formation of organic acid, furfural, HMF, and water soluble humins, with the latter difficult to analyze.
41,61
During steam hydrolysis, condensation diluted the hydrolyzate and made it more difficult to compare the total carbon concentrations. However, the acidic steam treatments extracted more carbon with higher selectivity to monomeric sugars. Due to potential catalyst deactivation by sulfuric acid, oxalic acid steam treatment was chosen to provide hydrolyzates with different product distributions. Samples 4 and 5 revealed the different product distributions resulting from use of sulfuric acid and oxalic acid at the same temperature and time. Although sulfuric acid was more acidic and resulted in a lower pH, oxalic acid realized a higher selectivity of xylose monomer. Higher temperature and shorter reaction time was applied to prepare sample 6 to reduce steam condensation and resulted in the highest carbon concentration with the highest xylose monomer selectivity among the 7 samples. Sample 7 was prepared at the same reaction conditions as sample 5 except with a lower solids loading of 50% to investigate the effect of solid loading on the hydrolyzate. As shown in Table 3 , sample 7 had slightly more xylose monomers and significantly more xylooligomers with more carbon identified.
Dilute sulfuric or oxalic acid increased the selectivity to monomers and also the amount of carbon extracted from maple wood at lower temperatures than for hydrothermal pretreatment. Thus, although dilute sulfuric acid is often used to catalyze the hydrolysis reaction, 62,63 oxalic acid produced a higher extracted carbon yield than sulfuric acid.
Low temperature hydrogenation
A low temperature hydrogenation is the first step in the conversion of aqueous carbohydrates solutions into gasoline.
29
Converting carbohydrates into sugar alcohols in this step avoids undesired decomposition reactions that would occur with glucose at higher temperatures.
Prior to investigating the hydrogenation of sugar solutions from maple wood, we studied the hydrogenation of the pure carbohydrate compounds of glucose, xylose, sucrose, and cellobiose as examples of C6 carbohydrates, C5 carbohydrates, and carbohydrate oligomers, respectively.
The reaction conditions applied in this study effectively hydrogenated both glucose and xylose to sorbitol and xylitol, respectively, in high yields, as shown in Table 4 . High 64 Thus, the C-O-C bond (1,4-b-glucoside bond) connecting two adjacent glucose monomers in cellobiose is more difficult to cleave than the one in the glucose ring. By comparison, hydrolysis of b-D-fructofuranosyl-(2→1)-a-D-glucopyranoside, which is the C-O-C linkage between carbohydrate molecules in sucrose, occurs rapidly at our reaction conditions. 74 In addition, a small amount of carbon was converted into gas phase alkanes, mainly methane (carbon selectivity~95%). These results indicate that our current reaction conditions are sufficient to hydrogenate sugars into sugar alcohols and also to hydrolyze some types of C-O-C bonds. However, other C-O-C bonds are not hydrogenated rapidly at the same reaction conditions. Table 5 shows the results from the low temperature hydrogenation of sample 7 at different reaction temperatures. Sample 7 was the hydrolysis product prepared from maple wood using 0.5 wt% oxalic acid at 433 K for 30 min, as shown in Table 3 . No evident change in activity of the Ru/C catalyst was observed for the results of the experiments from 393-413 K. The gas phase carbon yield increased with increasing temperature with methane being the primary product in the gas phase. The yield of liquid phase products decreased as the temperature was increased.
A range of reactions occur in the low temperature hydrogenation step, as shown in Fig. 4 . Sugar oligomers were converted into sugar monomers and acetic acid, the latter being released in hemicellulose hydrolysis.
1, 53 The sugar monomers xylose and glucose were then hydrogenated into the sugar alcohols xylitol and sorbitol respectively. The sugars may also undergo dehydration reactions to produce furfural and HMF which can undergo hydrogenation reactions to produce tetrahydrofurfuryl alcohols, methyl-tetrahydrofuran, and potentially pentanol as well. The lower molecular weight organic acids, acetic and formic, are partially hydrogenated to the corresponding alcohols ethanol and methanol. This is consistent with our recent work on the hydrogenation of acetic acid over the same catalyst. 65 However, organic acids were still present in the products after low temperature hydrogenation, indicating that hydrogenation of these organic acids is slow under the reaction conditions used in this study. Levulinic acid is also probably partially hydrogenated to pentanediol. One possible route for this reaction is that levulinic acid can be hydrogenated to g-valerolactone
66-68
which may be further hydrogenated to pentanediol by a ring opening reaction. Then, the pentanediol can be hydrogenated to pentanol or methyl tetrahydrofuran. Pentanol can also be generated by ring opening of methyltetrahydrofuran. The desired reactions that occur in this low temperature hydrogenation reaction include: hydrolysis of sugar oligomers, hydrogenation of sugars into sugar alcohols, hydrogenation of organic acids into their corresponding alcohols, and hydrogenation of furans into their saturated form. Undesired reactions include dehydration reactions which produce furfural and levulinic acid and C-C bond cleavage to produce undesired gas range alkanes. Higher temperatures increased the amount of these undesired products. Therefore, it seems desirable to operate the hydrogenation at a temperature as low as possible while still realizing high rates of the desired reactions. Therefore, for the remaining work in this paper, we focused on hydrogenation reactions at a lower temperature of 393 K. Table 6 shows the results from the low temperature aqueous phase hydrogenation of maple wood hydrolysis samples 1-6 at 393 K. As shown in Table 6 less than 2.5% of the carbon was converted into gas phase products. However, the liquid phase selectivity changed significantly for the different samples. Xylitol and sorbitol selectivity were much higher for samples 4-6 which contained more carbohydrate monomers. Samples 1-3 were prepared by hydrothermal hydrolysis which primarily produced sugar oligomers. In contrast, samples 4-6 produced by hydrolysis with oxalic and sulfuric acids contained primarily sugar monomers. These results indicate that our hydrogenation reaction conditions did not breakdown hemicellulose oligomers. Acid catalysts are required to decompose these oligomers so that they can be hydrogenated. Future work in catalyst design for this low temperature hydrogenation step should focus on the development of solid catalysts that can perform both oligomer hydrolysis and the hydrogenation of the resulting sugars.
Several recent papers have shown that it is indeed possible to produce sugar alcohols from sugar polymers with heterogeneous catalysts [ 
Aqueous phase hydrodeoxygenation in a two bed reactor system
As the final aspect of this research, we applied a two-bed reactor system to produce gasoline compounds by APHDO of aqueous sugar solutions and aqueous solutions prepared by maple wood hydrolysis, as shown in Table 7 . The first bed contained the Ru/C catalyst at 393 K, followed by a second bed filled with a Gas phase carbon selectivity (%) = Carbon in specific compounds ¥ 100%/Sum of carbon identified by GC. b Liquid phase carbon selectivity (%) = Carbon in the specific compounds ¥ 100%/Carbon in the liquid phase product measured by TOC. Table 3 for details of the feedstock samples. b Gas phase carbon selectivity (%) = Carbon in specific compounds ¥ 100%/Sum of carbon identified in gas phase by GC.
c Liquid phase carbon selectivity (%) = Carbon in the specific compounds ¥ 100%/Carbon in the liquid phase product measured by TOC. Table 7 Hydrodeoxygenation of pure aqueous carbohydrate solutions and aqueous solutions obtained from hydrolysis of maple wood in a two bed reactor system consisting of a low-temperature (393 K) hydrogenation step over 5 wt% Ru/C followed by a high temperature (518 K) hydrodeoxygenation step over 4 wt% Pt/ZrP catalyst. WHSV = 1. Table 3 for details of the feedstock samples. b C1-C4 light gas carbon selectivity (%) = Carbon in specific compounds ¥ 100%/Sum of carbon identified in light gas cut.
c Gasoline products carbon selectivity (%) = Carbon in the specific compounds ¥ 100%/Sum of carbon identified in gasoline range products.
d Research octane number (RON) of the gasoline range products were estimated according to the method introduced in the literature. 72 See supplementary material for details. † e Aqueous phase cut carbon selectivity (%) = Carbon in the specific compounds ¥ 100%/Sum of carbon identified in aqueous cut.
the Pt/ZrP catalyst at 518 K. No catalyst deactivation was observed for these reactions in the reaction times of this study. Analogous to our observations for APHDO of sorbitol and xylitol, 48 three categories of products were generated: 1) light gases such as CO 2 , methane, ethane, propane, and butane; 2) gasoline range products including pentane, hexane, and C2-C6 monofunctional compounds such as alcohols, ketones, cyclic ethers, and small amount of carboxylic acids; and 3) aqueous phase products including methanol, 1,4-sorbitan, isosorbide, propanediol, butanediol, pentanediol, and hexanediol.
As shown in Table 7 , most of the carbon was still in the liquid phase after the two-stage hydrodeoxygenation process, with a light gas carbon yield of less than 10%. The estimated research octane number (RON) of the gasoline range products from the aqueous phase hydrodeoxygenation of glucose, xylose and maple wood hydrolysis is 82 to 96, which is similar to the RON of gasoline in the US market today. Thus, the majority of the monofunctional compounds could be used as high octane gasoline additives or as precursors to produce longer chain diesel and jet fuel molecules. For glucose and xylose, the carbon yields Table 3 for details of the feedstock samples. b Overall carbon yield of gasoline range products from maple wood (%) = Carbon extracted by hydrolysis ¥ Gasoline range products yield from APHDO of hydrolysis sample.
c Overall mass yield of gasoline products from 100 kg maple wood (kg) = 45.5 ¥ Overall carbon yield of gasoline range products from maple wood/Carbon percentage in the gasoline products deduced from carbon selectivity. (Carbon percentage in the gasoline range products (%) = 100 ¥ 12.01/(Sum of specific selectivity ¥ molecular weight/carbon number).) of both the gasoline and aqueous products were about 36%, and similar (or higher) to gasoline and aqueous yields were observed when maple wood hydrolysis samples were used as feedstock. Future work is needed to increase gasoline yields through better catalyst design.
The light gases were mainly composed of CO 2 or methane (>80%). These light alkanes and CO 2 could be recycled back into the reactor with unreacted hydrogen or reformed into hydrogen.
73, 74 The cyclic ether produced could be used as a solvent, and products left in the aqueous phase could be recycled back to the reactor with any unreacted sorbitol or xylitol.
A higher gasoline yield of 57% was obtained with sample 5. This is higher than the 48% yield of monofunctional (or gasoline) range compounds obtained by Dumesic et al. over Pt-Re/C catalyst with sorbitol or glucose solutions.
43, 75 Dumesic et al.'s catalyst had higher loadings of precious metals (5.1 wt% Pt and 4.9 wt% Re). We have also been able to obtain higher yields (70 carbon%) of gasoline range products from APHDO of 20 wt% sorbitol and xylitol over Pt/ZrP catalyst. 49 This indicates that this process could be further optimized to achieve higher yields. The results from this paper suggest that aqueous phase catalytic processing can be used to efficiently produce gasoline from low cost carbohydrate solutions obtained from hydrolysis of cellulosic biomass that have an equivalent unit energy cost to petroleum at only $20/barrel. 76, 77 However, for this technology to become commercially viable processing costs must be further reduced. Fig. 5 shows the 3 key classes of reactions that occur during the APHDO of aqueous carbohydrate containing solutions: 48 1) C-C bond cleavage on metal sites; 2) C-O cleavage reaction on acid sites; and 3) hydrogenation on metal sites. Carboncarbon bond cleavage reactions happen by two different pathways: 1) dehydrogenation followed by decarbonylation and 2) dehydrogenation followed by retro-adol condensation. In the APHDO process, sorbitol and xylitol undergo a series of dehydration/hydrogenation reactions to form hexanetriol and tetrahydrofurfuryl alcohol, respectively, and these products undergo further dehydration/hydrogenation to form hexanol and pentanol followed by hexane and pentane. The oxygenated intermediates can undergo C-C bond cleavage to form smaller oxygenates, CO 2 , and smaller alkanes. Fig. 5 shows the rich reaction chemistry involved in APHDO of biomass derived oxygenates that can be further tuned by adjusting the relative reaction pathways through further catalyst design and optimization of the reactor conditions.
Overall carbon yield and mass yield of gasoline range products for the complete process
In Table 8 we show the overall mass and carbon yields for producing gasoline from maple wood by hydrodeoxygenation of the hemicellulose sugars from 3 different maple wood samples. The hydrolysis reaction also produces a solid residue that contains most of the cellulose and lignin that was originally in the maple wood. This hydrolysis residue could be further processed to convert the cellulose and lignin into fuels, chemicals, or pulp. Between 31 to 38% of the carbon in the maple wood is extracted into aqueous solutions which are then fed into the APHDO reactor. The APHDO then converts between 26 to 57% of the carbon in these aqueous solutions into gasoline range products. The remainder of the carbon is converted into light gases or carbon that stays in the aqueous phase. It should be noted that we have not tried to optimize the amount of carbon that can be converted into gasoline range products in this paper and future development in catalysis and reactor design could help us improve the yield further. The overall carbon yield of gasoline from maple wood ranges from 9 to 22%. This process thus, currently produces between 6 to 15 wt% yield of gasoline from wood with solid cellulose and lignin as a by-product.
Conclusions
In this work, we demonstrated that gasoline range compounds can be produced by aqueous phase hydrodeoxygenation of aqueous carbohydrate solutions obtained from maple wood hydrolyzates that were a mixture of xylose, water soluble hemicellulose oligomers, acetic acid, glucose, glucose oligomers, and some lignin or humin polymers. Hydrothermal processing with hot water produced a large fraction of xylo-oligomers, whereas hydrolysis with dilute sulfuric or oxalic acid produced much higher yields of xylose monomers. In low temperature hydrogenation with Ru/C as the catalyst for conversion of the aqueous carbohydrates into gasoline, the Ru/C catalyst selectively hydrogenated xylose into xylitol and glucose into sorbitol but could not selectively hydrogenate xylose and glucose oligomers to xylitol and sorbitol. This result demonstrates that hydrolysis did not occur during low temperature hydrogenation. For hydrodeoxygenation in a two-stage reactor in which the first catalyst bed contained a Ru/C catalyst at 393 K and the second catalyst bed contained a Pt/zirconium phosphate (Pt/ZrP) catalyst at 518 K, up to 57% carbon yields of gasoline range products were obtained. The research octane number of these products was estimated to be 82-96 which is similar to octane number in the US gasoline markets. The Ru/C and Pt/ZrP catalysts were very stable at the conditions investigated in that no significant catalyst deactivation was observed even after 200 h of on-stream testing. Thus, aqueous phase hydrodeoxygenation of biomass derived hydrolysis residues is a promising option for the production of fuels and chemicals from lignocellulosic biomass that merits further research.
